Self-excitation of the motion of a structure has become a prominent aspect of engineering projects over recent years as designers are using materials at their limits, causing structures to become progressively lighter, more flexible and, therefore, prone to vibrate. Stimulated by the increasing interest in fluid-structure interaction (FSI) problems, this study investigated the instability and consequent FSI-induced self-excited oscillation of flexible structures in uniform flows at Reynolds numbers between 10 and 1.69 × 10 ) and considered three structures of different geometries. The results were conclusive in showing that the motion of the structure was characterized by a sequence of oscillation modes as a function of the characteristics of the structure and flow properties. In addition, it was possible to identify the self-excitation mechanisms as being of the instability-induced excitation (IIE) or movement-induced excitation (MIE) types. IIE was observed to be the most dominant mechanism of excitation at lower velocities and it was defined by a direct relation between the flow fluctuation and natural frequencies of the structure. For that reason, IIE was strongly determined by the geometry of the front body of the structure. At higher velocities, the amplitudes of the flow disturbances generated by the structure movement increased and excitations of the MIE type became predominant for all structures. The MIE mechanism was found to be weakly influenced by the shape of the structure but very sensitive to its dynamic characteristics and to the properties of the fluid, especially the Reynolds number.
Introduction
The excitation, and posterior amplification, of a structure and fluid system oscillation can be described, as a first approach to the problem, as follows. If a structure deforms, its orientation to the flow changes and as a result there is a change in the fluid forces acting upon the surface of the structure. The new set of fluid forces determines a new deformation of the structure. As soon as this coupled mechanism is initiated, as a result of any initial flow or movement instability, the damping imposed by the fluid can become negative as a result of different mechanisms J. P. Gomes and H. Lienhart by which energy is transferred from the fluid to the structure. Then, whether the oscillation is damped out or amplified is just a matter of the sign of the net damping coefficient. For lightly damped structures, the fluid damping becomes dominant and the coupled fluid and structure movement may become self-excited. Depending on whether the fluctuation of the flow or the additional velocity components introduced by the movement of the structure play the significant role in the initial excitation process, the excitation is either called flow-induced excitation or movement-induced excitation (MIE). In the case of flow-induced excitation, one can further distinguish between the extraneously-induced excitation (EIE) and instability-induced excitation (IIE) (Naudascher & Rockwell 1991 .
EIE is brought about by fluctuations of the flow velocity, or pressure, that are independent of any flow instability originated by the structure or structure motion except for added mass and fluid damping effects. The fluid forces acting upon the structure are mostly random within this excitation category, but can also be periodic, depending on whether the fluctuation of the approaching flow is periodic or not. This is the case, for example, for a structure excited by vortices shed from an upstream obstacle.
Because the excitation forces are independent of the movement and position of the structure, EIE excited oscillations cannot be considered a real case of a fluid-structure interaction (FSI) problem. Instead, EIE must be treated as forced oscillation.
IIE is caused by an instability in the flow which gives rise to flow fluctuations if a certain threshold value of the flow velocity is reached. As a rule, this instability is intrinsic to the flow created by the structure and initiates a transfer of energy even in the cases when the structure is not moving. Examples of flow instabilities are the alternate vortex shedding formation in the wake past a bluff body or impinging shear layers in jets. Depending on the control and amplification mechanism affecting the instability, the fluctuations, and the forces they generate, can become well correlated and close to the natural frequency of the structure so they can lead to large-amplitude movements.
Therefore, one may assume that this type of excitation occurs in a finite, small range of flow velocities in which the flow fluctuation triggered by the structure is in resonance with the fundamental value, or higher harmonic components, of a natural frequency of the structure. This corresponds to the condition
In the resonance range, the main feature of the FSI is the amplification of the excitation force (because of the negative damping) and the 'locking-in' of the frequency of the fluid to that of the structure frequency. In addition to showing that the fluid damping becomes negative close to resonance, Sarpkaya (1978) also argued that it is reasonable to assume that the net effect of the fluid forces in phase with the structure acceleration is, on average, zero, i.e. the fluid stiffness balances the added mass. Hence, no changes in the elastic-dynamic characteristics of the structure are expected. In other words, the global dynamic response of the oscillating system approaches very closely that of the structure alone within the IIE resonance range.
As suggested by (1.1), the vortex-shedding frequency for the stationary structure, commonly given in terms of the Strouhal number St, plays an important role in the IIE mechanism. The Strouhal number depends on a large number of factors. Among all of these factors, the Reynolds number and the shape of the structure are of major importance. An insight into the influence of the shape of the structure in the Strouhal
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539 number is given here by the analysis of the slenderness ratio L/D for cylinders with rectangular cross-section aligned with the approaching flow. This influence was studied for example, by Nakamura, Ohya & Tsuruta (1991) (Re = 1000), Knisely (1990) (720 Re 31 000) and Parker & Welsh (1983) (17 000 Re 35 000). From the results, one may conclude that the excitation of most common rectangular structures (with slenderness ratios between 3 and 16 for laminar flows and between 2 and 16 for turbulent flows) is associated with the separated shear layers from the leading edges that roll up into vortices and impinge the surface of the structure. The impinging leading-edge vortex (ILEV) excitation is controlled by the feedback of pressure fluctuations resulting from the interaction of the flow vorticity with the solid boundaries. As they travel upstream and act on the source of the flow instabilities, these pressure fluctuations trigger the development of new flow fluctuations which, in turn, are amplified and produce pressure fluctuations through the flow-boundary interaction, resulting in a resonance process.
In addition to the separated vortices from the leading edge, which play the main role in this excitation mechanism, the flow pattern around the structure is characterized by unsteady vortices generated in the wake near the trailing edge by secondary motions. Thus, excitation of the ILEV type is expected to occur when the separated vortices from the leading edge grow along the surface of the structure and interact constructively with the secondary vortices at the trailing edge to form a regular vortex formation further downstream of the structure.
According to Shiraishi & Matsumoto (1983) , for structures in pure heaving oscillations, the secondary vortices at the trailing edge are generated in phase with the leading edge vortices from the opposite side of the structure. They concluded that the constructive interaction of the two types of vortices and consequently the ILEV excitation occurs when the separated vortices from the leading edge reach the trailing edge after n (n = 1, 2, . . .) oscillation cycles. Based on their conclusions, the resonance condition for the resonance with ILEV can be defined empirically just as a function of the structure slenderness ratio as
In contrast, for rectangular cylinders with a rotational degree of freedom (DOF) Shiraishi & Matsumoto (1983) showed that the secondary vortices at the trailing edge are generated in phase with the leading edge vortices of the same side of the structure. In this case, to build a constructive interaction between the two types of vortices, the separated vortices from the leading edge ought to reach the structure trailing edge after (2n − 1)/2 (n = 1, 2, . . .) oscillation cycles. These conclusions are supported by the results of Komatsu & Kobayashi (1980) . They plotted the development of the vortex pattern and pressure distribution along a rectangular cylinder in cross-flow undergoing oscillations at a velocity slightly higher than the critical velocity value.
Thus, for a structure with a rotational DOF, the ILEV resonance condition expressed by (1.2) assumes the form
According to Shiraishi & Matsumoto (1983) , both (1.2) and (1.3) hold for the fundamental (n = 1) and subsequent superharmonic ILEV resonance (n = 2). However, other authors have also found superharmonic resonances of higher order.
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Finally, MIE is characterized by fluctuating forces that arise from the movement of the structure itself. Whenever the structure is accelerated in the fluid, an unsteady flow is induced that alters the fluid forces acting upon the structure. If this change in the fluid load leads to negative damping and to transfer of energy from the fluid to the moving structure, the MIE mechanism starts. In this process, the forces that are responsible for the excitation are inherently linked to the movement of the structure and disappear if the structure comes to rest. The assessment of MIE is usually done by classifying the mechanism into four different subcategories: MIE independent of coupling, MIE involving mode coupling, MIE involving coupling with flow pulsation and MIE involving multiple-body coupling.
In the case of MIE independent of coupling, a single bending mode of the structure is sufficient to change the fluid forces in such a way that they produce positive work on the moving structure and energize the same bending mode. An example of this subcategory is the galloping found in short bluff bodies in cross-flows. In the subcategory of MIE involving mode coupling, two or more bending modes are involved. Even though each bending mode is free from MIE independent of coupling, it can happen that the movement associated with one mode produced fluid forces that transfer fluid energy to another bending mode, or modes, of the structure. Whenever it occurs, this self-excited mechanism is still characterized by a time delay between the bending modes involved in the energy exchange of a quarter of the oscillation period. With a time-phase shift smaller or larger than 90
• , the oscillating movement is characterized by destructive interactions between the bending modes involved in the structure deformation followed by energy dissipation. As a consequence of this, the self-sustained mechanism of energy exchange between the bending modes would be impossible. So, MIE involving mode coupling is expected to be of easier identification and assessment through modal analysis which provides information on both phase and amplitude of the different bending modes involved in the deformation of the structure. An example of this kind of self-excitation mechanism is the flutter instability of airplane wings in which the bending mode of the structure excites the torsional mode, and vice versa. As the name suggests, MIE involving coupling with flow pulsation occurs whenever large pulsations of the flow arise associated with the structure oscillation. Finally, in the multiple-body coupling type of MIE, the fluid forces are influenced by the motion of neighbouring bodies through fluid-dynamic coupling. In this case, one may consider the dynamic coupling between two or more close structures.
In contrast to IIE, a change in the dynamics characteristics of the oscillating system is expected to occur in association with the MIE mechanism of excitation. The fact that the fluid forces contribute with a non-zero term in phase with the acceleration of the structure contributes directly to that change. This means that the evaluation of the dynamic characteristics of the oscillating system may no longer be reduced to the dynamic analysis of the structure alone. Instead, the structure and fluid have to be considered as a single oscillating body with a distinct set of dynamic characteristics, in particular natural frequencies and oscillation modes. Owing to the need to include the fluid terms in the equation of the motion, the theoretical and empirical assessment of the MIE mechanism is much more complex than the IIE. As a result, the prediction of the MIE mechanism is still largely based on experimental model tests.
For distributed-mass systems, such as articulated and flexible structures, one has to consider that an IIE excitation occurs in association with every natural frequency of the structure, as the flow velocity increases. A similar behaviour is found for MIE. Hence, several MIE oscillation modes are excited at different critical velocities depending on the dynamic characteristics of the fluid-structure system. Regarding the excitation due to extraneous sources, the response of a structure is defined by the conjugation of several mechanical admittance functions (each associated with a specific bending mode).
The complexity of the FSI problems increases very rapidly with the number of DOFs of the structure. Although the excitation mechanisms present distinctive typical features, they often appear superimposed and the response of the structure has to be considered as a combination of all effects. Owing to this, published work on FSI involving flexible structures is still limited in scope and, in particular, concentrates on cases where the structures are reduced to a flat plate or prismatic cylinder. Hence, the present experimental study investigated the instability and consequent FSI-induced two-dimensional oscillation of complex flexible structures in uniform axial flows. The objects of investigation were structures of different geometries which combined, to a certain extent, the elastic behaviour of thin, flexible plates in axial flow with the dynamic behaviour of rigid cylinders in cross-flow. The investigation of the coupled FSI motion was performed based on the resulting free limit cycle oscillation (LCO) of the structures and aimed at the identification and characterization of the different oscillation modes and the mechanisms which excited them.
The tests were conducted in water and a highly viscous polyethylene glycol (PEG) syrup (µ = 1.64 × 10 ) and covered both turbulent and laminar flow regimes. Opting for the solution of different viscous test fluids, it was possible to control the approaching flow velocity and the Reynolds number of the tests independently. This confident solution permitted this study to account for the individual influences of the approaching flow velocity and Reynolds number on the FSI self-exciting mechanisms. The measurements included the time-phase reconstruction of the periodic deformation of the structure and measurements of the principal parameters of the resulting coupled fluid and structure movement. The results of these measurements defined the general character of the elastic-dynamic response of the structures as a function of the flow velocity and characterized in detail the most relevant oscillation modes exhibited by them. The latter were used to investigate the influence of the physical parameters both in the IIE and MIE mechanisms of excitation. Furthermore, the comparison of the results obtained in turbulent and laminar flows permitted conclusions to be drawn about the effects of the Reynolds number in the FSI mechanisms.
Experimental procedure
2.1. Experimental apparatus The investigations were performed in a vertical, closed-loop tunnel using two different liquids as the test fluid. It had a 180 mm × 240 mm cross-sectional area and a total length of 338 mm. As a direct consequence of the vertical orientation of the tunnel, the gravity force was aligned with the flow. In this way, the gravity force did not introduce any asymmetry in the experiments. The structure models were mounted 55 mm downstream of the inlet plane of the test section.
For the investigations in the laminar regime, the tunnel was operated using a PEG PG-12 000 syrup as the test fluid. The measurements were performed at 25 The deformation of the structure was measured using a stereo pattern recognition (SPR) system. Two synchronized cameras were mounted in a stereoscopic arrangement to acquire images of the flexible structure illuminated by two laser light sheets mounted perpendicular to the structure from each side of the test section. The quantitative analysis was performed in the MATLAB workspace after the acquisition of the images by a script developed specifically for the task. The software analysed and compared the images from both sides of the structure and detected the line resulting from the intersection of the laser sheet and the structure. The recognition of the reflection line, and posterior reconstruction of the structure deformation, was performed in the mathematical space, based on calibrated reference images. Opting for such a solution, an improved spatial resolution of the measurements of 7.53 CCD pixel mm 
where P ij is the position tensor and contains information on the motion cycle in which the measurement was acquired. The tensor is defined as
The reconstruction of results was performed using a time-phase resolution of 2.5
• associated with an uncertainty of 0.5 calculated as the mean value of all acquired swivelling periods T j and the maximum root-mean-square (r.m.s.) value associated with its fluctuation was measured to be 1.4 %. A complete description of the test facility and measurement techniques employed in this study are given elsewhere (Gomes & Lienhart 2010a,b) .
Definition of the models
Three different flexible structure models were considered and their design took into account five principal requirements: (i) symmetry and reproducibility of the structure movement; (ii) two-dimensionality of the structure deformation; (iii) moderate oscillation frequencies; (iv) significant excursion of the structure, i.e. large deformations; and (v) linear material properties.
The overall length of the structures was defined as 82 mm and the spanwise dimension was chosen to be 177 mm to match the dimensions of the test section and consequently to guarantee the two-dimensionality of the tests. To allow for neglecting the effects of the flow blockage on the resulting motion, the maximum thickness of the structure was defined as 22 mm. In this way, the ratio between the structure width and the width of the test section was maintained smaller than 0.1. This value was supported by the results presented by Richter & Naudascher (1976) for both circular and square cylinders in confined flows.
The geometric definition of the structure models is presented in figure 2 . They consisted of a 0.04 mm thick stainless-steel sheet attached to a front cylindrical body. At the trailing edge of the thin sheet, a rectangular mass was considered. The F2M.CH model consisted of a circular cylinder as the front body to simulate a bluff leading edge structure. On the other side, the F2M.P4 model considered a thin rectangular cylinder as the front body to mimic a slender structure. The third structure consisted of a rectangular front body and had a geometric layout that was similar in every way to that of the F2M.P4 model except for the thickness of the front rectangular cylinder. While the F2M.P4 model considered a thinner, 4 mm × 22 mm rectangular front body, the F2M.P8 model considered a thicker, 8 mm × 22 mm rectangular front made from the same material. This model was chosen to represent a structure consisting of a rectangular front body with the characteristics of a bluff leading edge. The thickness of the F2M.P8 model front body was chosen in order to match its dynamic properties with those of the F2M.CH model. All structures were mounted in the test section in such a way they were able to rotate freely around an axle located in the centre of geometry of the structure front body. All models were fine machined to guarantee maximum geometric precision. The front bodies and rear mass were machined with a geometric accuracy better than ±0.1 mm. The uncertainty associated with the length of the structures was measured to be smaller than ±0.2 mm. Finally, the uncertainty associated with the thickness of the 0.04 mm metal sheet was defined as ±0.003 mm. No attempts were made to polish the surface of the structures beyond their machined smoothness since it has been shown that slight-to-moderate surface roughness has no significant influence in this kind of investigation (Ramberg 1983) . For the range of forces acting on the flexible structures during the investigations, the mechanical behaviour of the flexible element of the structures could be considered to be linear. Tensile tests were performed with 0.04 mm stainless-steel sheets and the Young's modulus was measured to be 200 N mm −2 within this range of strain. The other elements of the structure, the front body and the rear mass, were considered rigid. Table 1 summarizes the mechanical properties of the structures together with the density of the materials used in their construction.
Results
To assist the reader, the results achieved for each structure are presented here in a systematic form as follows. First, the general character of the elastic-dynamic response of the structure is described at different flow velocities up to 2 m s −1 by means of the structure movement amplitude and oscillation frequency. The error bars in the figures are a measure of the r.m.s. values associated with the cycle-to-cycle fluctuation of the measured quantities. Then, the resulting movement of the structure at selected flow velocities is described in detail. The results are presented as time-phase traces of the structure front body angle and trailing edge xy coordinates. Simultaneously, the deformation of the structure for successive equidistant time-phase angles is shown. The resolution adopted for the representation of the latter was 30
• and the position of the rear mass was not displayed for clarity. Also for clarity, the results of the trailing-edge position were drawn to scale.
Concerning the accuracy of the measurements, it was difficult to estimate an unique uncertainty value for the time-phase resolved results of the structure deformation and trailing-edge position. Because the test were focused in the free oscillation of flexible structures, the cycle-to-cycle fluctuations of the structure position had to be considered in addition to the uncertainty of the measuring technique. These fluctuations were very sensitive to several factors, in particular the time-phase angle, position of the measuring point, and fluid viscosity. After the analysis of the most critical points of the structure deformation and time-phase angles, one could conclude that the maximum r.m.s. value associated with the fluctuation of the structure deformation results during the tests in laminar and turbulent regime was ∼0.26 and 0.40 mm, respectively, within a confidence interval of 90 %.
Finally, the results of the modal analysis are shown. This analysis was performed using the finite-element ANSYS structural mechanics computed-aided engineering (CAE) software using 2-DOF structural solid elements with realistic mechanical properties and considered the first 15 bending modes of the structures (1 j 15). Comparison of the results obtained for different numerical models, such as rigid structural solid elements to model the rigid elements of the structures, showed that the uncertainty of the results associated with the first bending mode was close to 5 %. For the higher bending modes, the uncertainty of the results were negligible. The natural frequency associated with the zeroth bending mode, i.e. with the rigid body movement of the structure, was computed separately by analytical means using the following expression:
The results presented in the following figures correspond to the decomposition of the time-phase resolved deformation of the structure in its individual bending modes, according to the following expression:
The bending-mode energy was computed using the following expression
and the values were normalized to unity.
Results in the laminar regime
The investigations in the laminar regime were performed in a PEG syrup at a controlled temperature of 25 , respectively. The Reynolds number of the experiments, based on the kinematic viscosity of the PEG syrup and on a characteristic length equal to the overall length of the models, reached a maximum value of 1000. For the F2M.CH model, it was also meaningful to define the characteristic length as the diameter of the front cylinder. In this case, the Reynolds number of the tests was restricted to a maximum value close to 270. Figure 3 shows the elastic-dynamic response of this structure as a function of the approaching flow velocity (solid squares correspond to measurements acquired while increasing and open squares while decreasing the approaching flow velocity).
Results with the F2M.P4 model
The most important aspect revealed by figure 3 was the existence of two distinctive oscillation modes. The excitation of the structure movement from rest to the first mode was observed for a flow velocity close to 1 m s showed that this oscillation mode (see (b) in figure 3b) was characterized by the fact that the deformation of the structure was strongly dominated by the second bending mode of the structure. In connection to this, the movement of the rear mass was in phase opposition with the rotation of the front body. This qualitative description of the movement based on visualizations was supported by detailed measurements performed at both 1.07 and 1.45 m s . The excitation of the new mode (see (c) in figure 3b ) resulted in a non-reproducible movement. In addition to considerable cycleto-cycle fluctuations of the motion parameters, there were intermittent periods of time in which the structure failed to cross the x-axis during its oscillating movement, giving the time-phase detector a chance to register double and triple oscillation time periods. For that reason, the measurement results corresponding to this oscillation mode should be interpreted with caution. The values plotted in figure 3 were averaged after filtering out all of the multiple periods. Even so, the r.m.s. associated with the fluctuation of the frequency of the structure movement at 1.92 m s proved that the FSI-induced oscillation of flexible structures 547 third bending mode of the structure was in evidence and dominated the deformation of the structure. This observation was supported by the existence of two clear nodal regions in the oscillating movement of the structure. Within this oscillation mode, the movement of the trailing edge was in phase with the rotation of the front body.
For the present structure, detailed measurements were performed for an approaching flow velocity of 1.07 and 1.45 m s −1
. These two values were chosen because they were located close to the velocity of local maxima in the amplitude of the structure movement in the ascending section (see figure 3a) .
Results at 1.07 m s
−1
The following figures show the results for an approaching flow velocity of 1.07 m s , which corresponds to a Reynolds number of 535. At this velocity, the frequency of the resulting movement of the structure was measured to be 11.22 Hz ± 0.4 %. . At this velocity, the Reynolds number was 725 and the frequency of the structure movement was measured to be 13.78 Hz ± 0.5 %.
Figure 5(a) shows the time-phase trace of the front body angle and also the transverse displacement of the structure trailing edge within an oscillation period. The r.m.s. value associated with the fluctuation of the front body angle was close to 0.5
• , and the time-phase difference between the trailing edge and front body was measured to be approximately 225
• , that is, the trailing edge was delayed, moving in opposition, with respect to the front body rotation.
Figure 5(b) shows the deformation of the structure for successive time-phase angles. Figure 5 (c) shows the trajectory followed by the structure trailing edge within an oscillation period. At the beginning of the period, the trailing edge was registered to be at the point (x; y)| ψ=0 • = (64.90 mm; −9.05 mm).
The results obtained with the F2M.P4 model showed that both oscillation modes were triggered by the MIE mechanism and were characterized by an oscillation frequency much lower than the second natural frequency of the structure.
The deformation of the structure within the MIE oscillation mode which was excited at ∼1 m s −1 is presented here by the analysis of the deformation of the structure at 1.45 m s −1 (see figure 6 ). Because they correspond to the same oscillation mode, the analysis of the structure deformation at 1.07 m s −1 led to similar results as those shown in figure 6 . In fact, the similarity between the deformation of the structure at the two different flow velocities was already proven on comparing figures 4(b) and 5(b). Figure 6 confirmed that, the oscillation mode found within 1 and 1.76 m s figure 3b ) was self-excited by the MIE mechanism involving mode coupling. In this particular case, the results of the energy distribution show that all bending modes up to the third-order were significantly involved in the control of the structure deformation. Figure 6 also shows that the time-phase delay between the zeroth, first and third bending modes and the second bending mode of the structure was nearly constant. Exactly, the time-phase shift between the second and the other three modes was measured between 87 and 117
• . All evidences indicate that the second bending mode of the structure was excited and exchanged energy with the group consisting of the rest of the significant bending modes involved in the deformation of the structure. Confirming an intrinsic characteristic of the MIE mechanism involving mode coupling, the time delay between the exciting bending mode and all of the other modes involved in the excitation was close to a quarter of the oscillation period.
One may observe that the zeroth, first and third bending mode were in phase with each other. So, no energy was exchanged between these bending modes. By this reason, this oscillation mode can also be understood as an oscillation mode triggered by the MIE mechanism involving the coupling of just two bending modes; the second bending mode of the structure and a new bending mode resulting from the sum of the zeroth, first and third bending modes. The time delay between the latter and the second bending mode of the structure was approximately equal to a quarter of the oscillation period.
Within the oscillation mode found for velocities higher than 1.76 m s , revealed that in this case, the third bending mode of the structure was the exciting mode of the MIE involving mode coupling and energy was exchanged between this mode and the zeroth, first and second bending modes of the structure.
About the local maxima found in the amplitude excitation of the structure at ∼1.13 and 1.5 m s −1
, the results showed a close connection to the local resonance phenomena involving the oscillation frequency and the natural frequency, or harmonic components of the natural frequency, of the structure. Whereas the amplitude response of the structure has proved to be very sensitive to these local resonance phenomena, similar effects were not observed in the swivelling frequency of the structures. Finally, one may observe the absence of IIE oscillation modes for the F2M.P4 model. This behaviour could be justified by the fact that the laminar vortex shedding past the cylinder is suppressed at very low Reynolds numbers. Because the critical Reynolds number for the onset of the laminar vortex shedding is similar to that for circular and rectangular cylinders, it is easy to show that at ∼1 m s −1
, the point at which the movement of the structure was excited as a consequence of MIE mechanism, the Reynolds number of the experiment was still very low compared with the critical value (Re ≈ 47) to cause the shedding of laminar vortices from the rectangular front body. This argument supports the conclusion that excitations of the oscillation modes with the F2M.P4 model were both of the MIE type.
Results with the F2M.CH model
This structure considered a circular front body instead of the rectangular shape considered in the previous test case. The elastic-dynamic response of this structure is represented in figure 7 as a function of the approaching flow velocity (the arrow indicates the critical velocity value according to (1.1)).
This structure exhibited the same multi-oscillation-mode behaviour to that observed for the rectangular case. However, on comparing the two structures, there were noticeable differences. The most significant differences were related to the earlier excitation of the structure and the pronounced hysteretic region which separated the two oscillation modes exhibited by the structure. Regarding the first oscillation mode, it was observed that the velocity threshold to excite the movement of the structure varied slightly from model to model, on increasing the flow velocity. Nevertheless, in all tests it was possible to achieve a periodic oscillation for velocities higher than 0.8 m s . According to visualizations performed at different flow velocities, the first oscillation mode (see (a) in figure 7b ) was characterized by the fact that the deformation of the structure was strongly dominated by the first bending mode of the structure. In connection with this, the movement of the rear mass was in phase agreement with the rotation of the front body. In contrast, the second oscillation mode (see (b) in figure 7b ) was characterized by the fact that the rear mass movement was in opposition to the rotation of the structure front body. At the same time, higher structure bending modes with predominance of the second were observed to control the deformation of the structure.
Both modes were characterized by a linear dependence between the resulting oscillation frequency and the approaching flow velocity. While the frequency increased monotonically with the flow velocity, the amplitude of the movement presented a local maximum for each oscillation mode, at approximately 1.1 and 1.65 m s , the structure presented a well-defined hysteretic behaviour where both oscillation modes could be observed depending on the previous frequency of the structure. At the extremes of this regime, the transition between modes was always abrupt and no transient could be measured. The same hysteretic behaviour was found at the onset of the first oscillation mode, as that the minimum velocity to maintain a self-excited structure motion was always lower that the velocity threshold to excite the structure movement from rest.
For the present structure, detailed measurements were performed at 1.07 and 1.45 m s . These values were located close to the velocity of maximum structure amplitude (see figure 7a) , and at the same time they matched the velocity values investigated for the previous model. , the Reynolds number of the test, based on the length of the model, was 535. If the front body diameter is considered as the characteristic length, the Reynolds number was approximately 145. At this velocity, the resulting structure oscillation was measured to have a frequency equal to 6.38 Hz ± 0.6 %.
Figure 8(a) shows the time-phase trace of the front body angle and transverse displacement of the structure trailing edge within an oscillation period. Comparison of the two curves in figure 8(a) indicates that the movement of the trailing edge was delayed, but moving in agreement, with respect to the movement of the front body. In figure 8(b) , the deformation of the structure is presented for successive instants within an oscillation period. In figure 8(c), the trajectory followed by the trailing edge within the same period is shown. At the beginning of the oscillation period, the trailing edge was measured to be at the point (x; y)| ψ=0 • = (66.43 mm; 15.46 mm).
Results at 1.45 m s , the structure exhibited a more complex and faster oscillation with a frequency equal to 13.58 Hz ± 0.9 %.
Figure 9(a) shows the time-phase trace of the angle of the front body and also the transverse displacement of the trailing edge within an oscillation period. The The results were conclusive in showing that the main differences between the two structures were related to the fact that their movements were excited by different mechanisms of excitation. Indeed, excitation of the first oscillation mode of the F2M.CH model (see (a) in figure 7a ) was ruled by the IIE mechanism. The comparison of the Strouhal number and the natural frequencies of the structure showed a strong interconnection between the classical vortex shedding triggered by , equation (1.1) shows that there was a direct relation between the Strouhal number (St ≈ 0.167) (Fey, Konig & Eckelmann 1998; Williamson & Roshko 1990; Williamson & Brown 1998) , based on the diameter of the front circular cylinder, and the first natural frequency of the structure (f 1 = 5.89 Hz). The critical velocity (U r ) 1,1 correspondent to this situation is identified in figure 7(a) . In other words, it shows that the flow fluctuation was in resonance with the first natural frequency of the structure.
This conclusion was confirmed by the analysis of the structure deformation measured at 1.07 m s −1
. Figure 10 shows the results of the analysis of the deformation of the F2M.CH model at this velocity. It confirms the resonance of the first bending mode of the structure. The simultaneous excitation of the zeroth and second bending modes reinforces the statement that, in this case, the IIE excitation was followed by an excitation of the MIE type involving mode coupling. Both the zeroth and second bending modes are nearly in phase with each other and delayed with respect to the first bending mode by about one-quarter of the period. For example, the time-phase delay between the first and zeroth oscillation modes was measured as 97.6
• . This indicates that after the excitation of the first bending mode of the structure through the IIE mechanism, the self-sustained MIE mechanism of transfer of energy between the first bending mode of the structure and the zeroth and second bending modes was triggered, as soon as the amplitude of the structure movement exceeded a certain threshold.
The oscillation mode exhibited by the F2M.CH model for velocities higher than approximately 1.1 m s −1 (see (b) in figure 7b ) was once again triggered by the MIE mechanics and it was dominated by the second bending mode of the structure. In particular, this oscillation mode had the same characteristics as the oscillation mode exhibited by the F2M.P4 model for velocities between 1 and 1.76 m s , presented in figure 11 , are very similar to those in figure 6. In figure 11 , the time-phase shift between the second and the other bending modes was measured between 70.3 and 114.2
• . Although an IIE excitation associated with the resonance of the flow fluctuation with the first natural frequency of the structure was found, one may notice that this structure did not exhibit the zeroth oscillation mode (associated with the zeroth bending mode or rigid body movement of the structure). This oscillation mode was not observed because the Reynolds number was below the critical value for the formation of a regular vortex shedding past a circular cylinder (Re ≈ 47). A rough analysis of the resonance condition given by (1.1) estimated that the IIE resonance of the zeroth bending mode of the structure, if it happened, should have occurred at a velocity slightly smaller than that in which the critical Reynolds number was reached (U ≈ 0.35 m s −1 ).
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Results in turbulent regime
The investigations in the turbulent regime were performed in water at a controlled temperature of 22 , respectively. Based on these values and on the overall length of the models, the maximum Reynolds number achieved during the tests was ∼16.9 × 10 4 . For the model consisting of a circular front body, the maximum Reynolds number of the tests, based on the diameter of the front cylinder, was limited to 4.54 × 10 4 .
Results with the F2M.P4 model
The elastic-dynamic response of this structure is shown in figure 12 as a function of the approaching flow velocity (solid squares correspond to measurements acquired while increasing and open squares while decreasing the approaching flow velocity).
The minimum flow velocity needed to excite the structure was measured to be 0.65 m s . During the excitation of the first oscillation mode (see (a) in figure 12a), the structure deformation was mostly dominated by the first bending mode of the structure. In connection with this, the movement of the trailing edge was found to be in agreement with the rotation of the front body.
The transition to a new oscillation mode was recorded at around 0.96 m s −1 and it was characterized by an abrupt change in the oscillation frequency. From the point of view of the movement amplitude, the two oscillation modes were separated by a hysteretic region centred at ∼1 m s , show no nodal regions in the deformation of the structure and prove that the trailing edge was moving in agreement with the rotation of the front body.
However, when figure 14(b) is analysed in more detail, it becomes clear that higher harmonic components rather than just the fundamental natural frequencies of the structure were presented in the deformation of the structure. The supremacy of the fundamental value of the first natural frequency in the structure deformation is better seen at time-phase angles of 30 and 210
• . On the other hand, the superimposition of higher harmonics is clearly seen for ψ = 60
• and ψ = 240
• . In sum, figure 14(b) shows that higher harmonics of the structure natural frequencies actively contributed to the control of the deformation of the structure. This situation justified the unique characteristics of the present oscillation mode. Among the unusual features, the timephase trace of the front body angle was characterized by a 'figure-of-M' shape in which two positive and two negative local maxima were identified. The shape of the trailing edge trajectory no longer assumed the classical 'figure-of-eight' shape and exhibited two singular points where a sudden reverse in the direction of the movement was observed.
Towards the upper limit of the test velocity range, the motion characteristics degraded significantly. The first signs of irregularities were observed in both oscillation frequency and amplitude at ∼1.4 m s −1 and the movement of the structure became totally non-symmetric and non-periodic at flow velocities higher than 1.6 m s , even though the structure could maintain its physical integrity. The fact that the first natural frequency of the FSI-induced oscillation of flexible structures 557 structure was equal to 7.8 Hz inhibited a resonance of the structure and contributed decisively to the non-destructive behaviour.
For the entire velocity range, the present structure was proved to be less cyclic than that consisting of a circular front body. The maximum r.m.s. value of the cycle-tocycle fluctuation of the period of the structure oscillation was measured to be close to 2 % up to 1.4 m s At this velocity, the Reynolds number, based on a characteristic length equal to the overall length of the model, was defined as 6.76 × 10 4 . The frequency of the resulting structure movement was measured to be 2.77 Hz ± 1.4 %.
Figure 13(a) shows the front body angle time-phase trace within an oscillation period. The r.m.s. value associated with the fluctuation of this quantity was measured to be 0.5
• . In the same figure, the transverse displacement of the structure trailing edge is shown. The delay of the trailing edge movement with respect to the front body rotation was measured to be smaller than 60
• , so the trailing edge movement could be considered to be in agreement with the rectangular front body.
In figure 13(b) , the deformation of the structure for successive time-phase angles is shown. Figure 13 In figure 14(b) , the structure deformation is presented for successive instants within an oscillation period. Figure 14 . These values showed a good agreement between the singular points in figure 14(c) and the shape of the plot in figure 14(a) . At the beginning of the period, the coordinates of the trailing edge were (x; y)| ψ=0 • = (68.39 mm; 13.83 mm).
The results obtained with this structure model showed that, even at higher Reynolds numbers, the structure consisting of a 4 mm × 22 mm rectangular front body was not able to disturb the flow in such a way as to trigger an excitation of the IIE type at low velocities. Therefore, the results did not show oscillation modes resulting from the resonance between the vortex-shedding frequency and one of the natural frequencies of the structure. , the analysis of the deformation and the high value of the first natural frequency of the structure indicate that the importance of IIE was small compared with MIE. Actually, the analysis of the deformation also indicated that the oscillation mode found between 0.65 and 0.96 m s −1 (see (a) in figure 12a ) was a result of the MIE mechanism involving mode coupling between the zeroth and the first bending mode of the structure.
The MIE oscillation mode registered at higher flow velocities ((d), figure 12a ) was also dominated by the zeroth and first bending modes of the structure. However, in this case, the analysis of the deformation (see figure 15) showed the presence of higher harmonics of the natural frequencies of the structure rather than just the fundamental one, as it was observed in the preceding oscillation mode. Both the shape of the (see figure 14a-c) . This type of movement was never observed for the structures consisting of a circular front body and was different to the movement exhibited by the same structure at similar velocities in laminar flows. One may observe that, although unusual, the results of the structure deformation corresponding to this oscillation mode are conclusive. Hence, in figure 14(c), the loops outside the classical 'figure-of-eight' shape correspond exactly to the regions between the two local positive and negative maxima in the curve in figure 14(a) . In addition, the points of reverse in the trailing edge trajectory match the local positive and negative minimum registered in the timephase trace of the front body angle of the structure (ψ ≈ 105
• and ψ ≈ 285
• , see figure 14a ). Figure 16 shows the elastic-dynamic response of the structure consisting of a circular front body as a function of the approaching flow velocity (arrows indicate the critical velocity values according to (1.1)).
Results with the F2M.CH model
In water flows, this structure could be excited to a periodic LCO movement at very low velocities. The onset of the movement was registered for a flow velocity slightly higher than 0.1 m s −1
. Visualizations showed that the resulting oscillation mode (see (0) in figure 16a) was associated with the rigid body motion of the model, i.e. the structure swivelled in the fluid around its free rotating axle without changing its original, straight shape. Because it corresponded to rigid body motion, this mode was named the zeroth oscillation mode. As an example of this mode, figure 17 shows the time-phase trace of the front body angle and the deflection of the structure for successive time-phase angles at 0.19 m s and it was characterized by an abrupt change of both the amplitude and frequency of the structure movement. In the new oscillation mode (see (a) in figure 16a ), the behaviour of the structure was in all respects similar to the first oscillation mode exhibited by the same model in laminar flows; the structure deformation was dominated by the first bending mode of the structure and the movement of the trailing edge was in agreement with the rotation of the front body. On further increasing the approaching flow velocity, an unusual behaviour was observed. As soon as the amplitude of the structure started to decrease, after reaching a local maximum, the motion characteristics degraded very rapidly. This behaviour was supported by the error bars in figure 16 . The coupled movement became nonperiodic and non-symmetric and led to rapid destruction of the structure. Therefore, no measurements could be obtained for flow velocities higher than 0.9 m s −1 . This sequence of events occurred when the oscillation frequency was showing the first signals of transition to a new oscillation mode.
Both oscillation-mode transitions occurred when the frequency of the structure movement approached one of the natural frequencies of the structure. At 0.37 m s , the r.m.s. value associated with the cycleto-cycle fluctuation of the motion period was measured to be lower than 1 %.
Apart from the trivial rigid body oscillation mode, the only oscillation mode that could be characterized in detail using the present structure was the first one. Therefore, detailed measurements were performed in water just at 0.68 m s . This value was selected because it was located close to the velocity of maximum structure amplitude excitation (see figure 16a) .
Results at 0.68 m s −1
At this velocity, the Reynolds number, based on the length of the structure, was close to 5.75 × 10 Figure 18(a) shows the time-phase traces of the angle of the front body and transverse displacement of the structure trailing edge within an oscillation period. The delay between the movement of the trailing edge and the front body was measured to be approximately 95
• and the r.m.s. value associated with the fluctuation of the front body angle was measured to be smaller than 0.6
• . Figure 18(b,c) show successive time-phase resolved deformations of the structure and the trajectory followed by the trailing edge during an oscillation period. At the beginning of the period, the trailing edge was measured to be at the point (x; y)| ψ=0 • = (63.26 mm; 23.10 mm).
In laminar flows, the excitation of the movement of this structure was only possible for flow velocities higher than 0.35 m s figure 16a) found favourable conditions to occur at very low flow velocities, before the excitation of the first bending mode.
Because the amplitude of the structure movement remained small within the entire zeroth mode, a significant alteration of the characteristics of the flow fluctuation past the structure as a consequence of its movement was not observed. Consequently, this was the only pure IIE oscillation mode registered during the present study. In support of this conclusion, just the zeroth bending mode of the structure could be identified in the deformation of the structure presented in figure 17 .
In many other cases (as in the first oscillation mode exhibited by this structure model), the IIE mechanism of excitation results in a large increase of the resulting movement amplitude. When the amplitude increases beyond a certain limit, the movement of the oscillating structure deforms further the flow and alters the characteristics of the flow fluctuation past the structure. If the perturbations in the flow field stimulate the transfer of fluid energy between the bending mode excited by the IIE and any other bending mode, or modes, of the structure, the excitation of the IIE type is followed by an MIE excitation involving mode coupling. It can also occur that the perturbations introduced in the flow by the movement of the structure are sufficiently large to change the fluid forces in such a way that they produce positive work on the structure and energize the same bending mode originally excited by the IIE mechanism. In this case, IIE is followed by MIE independent of coupling. In the case of the first oscillation mode of the present test case (see (a) in figure 16a ), the self-sustained MIE mechanism of transfer of energy between the first and zeroth bending mode was triggered after the excitation of the first bending mode of the structure through the IIE mechanism.
The results obtained in the turbulent regime also highlighted the importance of the higher harmonic components of the natural frequencies of the structure in the IIE excitation mechanism. Because of the low fluid damping, the excitation of the oscillation modes was observed not only at flow velocities at which the flow fluctuation was in resonance with the fundamental value of the natural frequencies of the structure (as was found in laminar flows) but also when the flow was in resonance with higher harmonic components of the natural frequencies. This observation is clearly supported by figure 16(a) . At ∼0.1 m s −1 , equation (1.1) shows a close relation between the Strouhal number and the second harmonic of the zeroth natural frequency of the structure (f 0 /2 = 0.95 Hz). This fact supports the statement that at the onset of the movement, the vortex shedding past the front body was in resonance with the zeroth natural frequency of the structure. After the initial excitation and on increasing the flow velocity, a second resonance was found within the same oscillation mode (see (0) , on comparing the Strouhal number and the second harmonic component of the first natural frequency (f 1 /2 = 2.95 Hz). As in the previous case, this oscillation mode (see (a) in figure 16a ) was characterized by a local maximum at the same point where the flow was in resonance with the fundamental value of the first natural frequency of the structure (f 1 = 5.89 Hz). Figure 19 shows the results of the analysis of the deformation at 0.68 ms −1 . , where a very pronounced 'locking-in' region was registered.
Results with the F2M.P8 model
This structure was similar to the F2M.P4 model but with a thicker rectangular front body. Its elastic-dynamic response is presented in figure 20 as a function of the flow (arrows indicate the critical velocity values according to (1.3) ).
The first analysis of both plots immediately revealed that the elastic-dynamic response of this structure was more difficult to interpret than any other investigated up to this point. For the first time, it was not possible to identify clearly the different oscillation modes which controlled the movement of the structure from a simple analysis of the oscillation frequency (see figure 20b) . Instead, the analysis of the modes could only be concluded by correlating the results from figures 20(a) with 20(b) and resulted in the identification of three distinct oscillation modes.
The initial oscillation mode (see (0) in figure 20a ) could be excited for flow velocities of ∼0.2 m s −1
and it was mostly characterized by a tenuous oscillation of the structure; the maximum excitation was observed at 3.5 m s −1 at the same time the deflection of the front plate was limited to ±2.1
• . Although this oscillation mode could not be considered as a pure rigid body movement, visualizations proved that the deformation of the structure was minimal.
Around 0.43 m s −1
, a transition to a new oscillation mode was observed. It occurred when the oscillation frequency was close to the structure zeroth natural frequency (f 0 = 1.9 Hz) and it was characterized by a significant fluctuation of the movement frequency. The last observation is supported by the error bars in figure 20(b) . No fluctuations were registered in the movement amplitude results. During the excitation of this oscillation mode (see (a) in figure 20a ), the elastic-dynamic response of the structure proved to be as simple as possible. The amplitude of the movement varied linearly with the flow velocity and the deformation of the structure was exclusively dominated by the first bending mode of the structure. In connection with this, the movement of the trailing edge was observed to be in agreement with the rotation of the rectangular front body.
At ∼0.8 m s
, a significant change in the curve in figure 20(a) was registered, indicating that a new self-exciting mechanism was competing for the control of the structure movement and forcing an oscillation-mode transition. This transition was also perceptible in figure 20(b) by a slight variation in the slope of the frequency plot. The new oscillation mode (see (d) in figure 20a ) was in all respects similar to that registered with the thinner rectangular front body structure and resulted in the same 'figure-of-M'-shaped front body time-phase trace and unusually deformed trailing edge trajectory. For this oscillation mode, the movement of the trailing edge could be considered to be in agreement with the rotation of the front body.
On further increasing the velocity, the structure movement became non-symmetric and non-periodic and lead repeatedly to the destruction of the model close to 1.8 m s . This rapid succession of events occurred at the same time that the oscillation frequency was close to the first natural frequency of the structure (f 1 = 5.6 Hz).
For the entire velocity range of the tests, the present structure was proved to be less cyclic than that consisting of a circular front body. Within the lowest oscillation mode, up to 0.43 m s Figure 22 (b,c) presents the structure deformation for successive instants, and the trajectory followed by the trailing edge within an oscillation period. The latter exhibited the same unusual shape as already observed with the structure consisting of a thinner rectangular front body at the same flow conditions. In this case, the singular points were captured at approximately ψ = 120
• and ψ = 300
• . The trailing edge position at the beginning of the period was measured to be (x; y)| ψ=0 • = (68.98 mm; 12.80 mm).
The results obtained with this structure were of special interest as its elastic-dynamic response combined characteristics from the models of the previous structures. Like the structure model consisting of a circular front body, this structure considered a front body with the characteristics of a bluff body but rectangular. Consequently, the onset of the movement of this structure was registered at very low flow velocities and the two oscillation modes exhibited at lower velocities (see (0) and (a) in figure 20a) were associated with an excitation of the IIE type. One may remember that, because of the high Reynolds number, the IIE excitation of this structure was not restricted by the critical Reynolds number for the formation of a regular vortex shedding past the front cylinder. In a similar way as for all of the other IIE oscillation modes, a direct relation between the movement excitation and the vortex shedding past the structure front body was proved to exist. For the zeroth (f 0 = 1.90 Hz) and first structure natural frequencies (f 1 = 5.61 Hz), the resonance condition expressed by (1.3), based on the dimensions of the rectangular front body, was satisfied at ∼0.138 and 0.41 m s −1 , respectively. These critical values are identified in figure 20(a) and are in good agreement with the onset of the movement of the structure and transition to the first oscillation mode, respectively.
In sum, the two IIE oscillation modes exhibited by the this model at flow velocities up to approximately 0.8 m s −1 had very similar characteristics as the oscillation modes exhibited by the circular front body structure model within the same flow velocity range. The IIE oscillation mode associated with the zeroth bending mode of the structure could be considered as almost pure. The resulting movement of the structure within this oscillation mode was very similar to that presented in figure 17 . A comparison of figures 19 and 23 is conclusive in showing that the IIE oscillation mode associated with the first bending mode of the two structures were also very similar.
In opposition with what was observed at lower velocities, the oscillation mode found for velocities higher than 0.8 m s was excited by the MIE mechanism and it was similar to that exhibited by the thinner rectangular front body structure for velocities higher than 0.96 m s 
Conclusions
The results presented have shown that, for all structures, a symmetric and reproducible two-dimensional LCO movement could be easily self-excited for flow velocities up to 2 m s −1 within a very short time (a few oscillation cycles). After the onset of the structures movement, and on increasing the flow velocity, the FSI test cases were characterized by a sequence of clearly defined IIE and MIE excitations of the coupled fluid and structure motion. Both self-excitation mechanisms proved to be reproducible and were characterized by a unique set of properties.
Within all velocities tested, the resulting movement of the structures proved to be very symmetric. The r.m.s. value associated with the cycle-to-cycle fluctuation of the front body angle remained approximately constant at 0.5
• for all tests. The maximum structure deformation asymmetry was measured as ±0.76 and ±0.58 mm in the tests in the laminar and turbulent regime, respectively. As far as the periodicity of the movement is concerned, the cycle-to-cycle fluctuation of the structure oscillation frequency were observed to be higher in turbulent than in laminar flows. While the maximum r.m.s. value associated with this quantity was measured as 0.9 % in laminar flows, it was measured close to 2.8 % in turbulent flows. This fact was a direct consequence of the lower damping added by the water to the oscillating system. For the same reason, the frequency of the resulting LCO movement was also considerably higher.
At lower velocities, the movement was mostly controlled by the IIE mechanism. Excitations of this kind were observed the vortex shedding past the structure front body was in resonance with one of the fundamental natural frequencies, or harmonic components, of the structure.
Thus, in laminar flows, the onset of the movement of the structure consisting of a circular front body, at ∼0.75 m s , was observed at the same time that the vortexshedding frequency was close to the first natural frequency of the structure. At this velocity, the evidences of a 'locking-in' region were found to be almost imperceptible. This fact was a direct consequence of the high damping added by the surrounding liquid to the oscillation system.
For the same flow conditions, no excitations of the IIE type were found with the structure consisting of a rectangular front body. This difference in behaviour emphasized the direct relation between the IIE excitation mechanism at low Reynolds number and the beginning of the laminar regular vortex shedding past the front body of the structure. The analysis of the results obtained with the structure consisting of a 8 mm × 22 mm rectangular front body revealed that the velocity needed to achieve critical Reynolds number for the onset of the laminar vortex-shedding regime (Re ≈ 47) was far higher that the resonance velocity associated with the zeroth bending mode of the structure. For that reason, the IIE excitation of the structure movement associated with its zeroth bending mode was not observed. Because the velocity needed to achieve the critical Reynolds number was significantly higher for the structures consisting of a more slender shape, IIE excitations associated with both the zeroth and also the first bending modes were not registered for the structure consisting of a 4 mm × 22 mm rectangular front body. This limitation disappeared in turbulent flows because of the increase in the Reynolds number, and the flow around the front body of the structures was characterized by a vortex shedding, starting from flow velocities very close to zero. Therefore, the onset of the movement of the structures was observed at very low flow velocities as a consequence of an IIE excitation involving the resonance of the flow fluctuation and the zeroth bending mode of the structure. This excitation was followed by a transition to a new oscillation mode in which the fluctuation of the flow was in resonance with the first bending mode, and was observed for the structures consisting of a circular and a thick rectangular front body. In both case, the structures exhibited a clear 'locking-in' region at the transition to the first oscillation mode in which the vortex shedding frequency was locked to the oscillation frequency of the structure, and vice-versa. This observation confirmed that 'locking-in' regions are more pronounced, and therefore easier to observe, in turbulent flows because of the much lower added damping introduced by the fluid.
In addition, the results showed that IIE resonance processes at higher Reynolds numbers can be induced not only at the fundamental value of the natural frequencies of the structure but also at the harmonics of these values. Once again, this fact was associated with the reduction of the added damping introduced by the fluid into the oscillation system as a consequence of the reduction of the fluid viscosity. Regarding the movement excitation of the structure consisting of the slender rectangular front body, it was demonstrated that it was too thin to trigger any excitation of the IIE type.
Finally, because the second natural frequency of the structures was always bigger that the shedding frequencies registered during both laminar and turbulent tests, no IIE oscillation modes associated with the second, or higher, bending modes were observed.
All of the results were conclusive in showing that excitations of the IIE type were uniquely determined by the geometry of the structure front body. The afterbody geometry or the material of the structure proved to have no significant influence on the IIE mechanism except for the effects on the dynamic characteristics of the model, such as the moment of inertia and natural frequencies. As far as the properties of the fluid are concerned, the influence of the approaching flow velocity in the IIE mechanism was very strong as it directly influenced the characteristics of the vortex shedding past the structure front body. In contrast, because the Strouhal number does not change considerably with the Reynolds number in the range of the tests, the IIE mechanism was not influenced by the Reynolds number and the resulting IIE oscillation modes had similar responses in both flow regimes.
At higher velocities, the amplitudes of the flow disturbances created by the movement of the structure increased and excitations of the MIE type found favourable conditions to be triggered. For all investigated test cases, the MIE proved to be The modal analysis of the structures deformation at different flow velocities showed that structure bending modes up to third order were significantly involved in the deformation of the structures and consequently in the MIE excitation processes. In total, four different MIE swivelling modes involving mode coupling were identified, two in laminar and two in turbulent flows. All of them were characterized by exchange of energy between a single exciting bending mode and the rest of the significant bending modes involved in the deformation of the structure. In the first MIE swivelling mode found in laminar flows (see (b) in figures 3 and 7) , the second bending mode was the exciting mode. In the second swivelling mode (see (c) in figure 3 ), the exciting mode was the third.
In turbulent flows, two MIE swivelling modes were found to be associated with the first bending mode of the structure. In the first swivelling mode (see (a) in figure 12 ), the bending mode associated with the fundamental value of the first natural frequency was the excited mode and exchanged energy with the zeroth and second bending modes of the structure. In the other (see (d) in figures 12 and 20), the same mechanism was observed but involving higher harmonics of the bending modes of the structure.
Regarding the interaction between the bending modes involved in the structure deformation, the measured time-phase shift between the exciting bending mode and the others varied between approximately 70 and 110
• . On comparing the exciting bending mode with the zeroth bending mode alone, which proved to be the most important bending mode of the structure in the energy transfer processes, the average value of the time-phase shift was 97
• . This value was in fairly good agreement with the theoretical value of 90
• , without which a self-sustained exchange of energy between bending modes of the structure would be impossible.
Further conclusions regarding the MIE mechanism of excitation could be drawn by comparing the MIE oscillation modes exhibited by different structures at similar flow conditions. In turbulent flows, this happened for example for the two structures consisting of a rectangular front body at flow velocities higher than approximately 0.9 m s These results were conclusive in showing that self-excitations of the MIE type were not influenced by the shape of the structure. Instead, this mechanism was sensitive to the dynamic characteristics of the structures and, in particular, to the properties of the fluid. The Reynolds number proved to be the most significant parameter in the MIE excitation and its effects were highlighted on comparing, for example, the elastic-dynamic response of the structure consisting of a circular front body in turbulent and laminar flows. Whereas the MIE excitations involved mainly the lower bending modes of the structure in turbulent flows (specifically the zeroth and first bending modes), in laminar flows they involved bending modes up to third order.
